ABSTRACT: Ultraviolet radiation is damaging to fishes, and fishes living in shallow water cope with this radiation by seguestering UV-absorbing compounds in their epithelial mucus. In the shallow waters of coastal Panama, fish may encounter vastly different irradiance environments that vary as a function of their proximity to major riverine inputs. Two common shallow water Caribbean fishes, Scarus iseri and Halichoeres bivittatus, were collected from 1 to 3 m depths at 3 locations within Bahia Almirante, Panama. Irradiance measurements were taken both at the subsurface and at 1 m depth for each of these sites, and 310 nm attenuation coefficients, ic d (310), ranged from 0.94 rrr 1 at the clearest site to 1.83 rrr 1 at the most turbid site. Fishes from waters where UV was attenuated the most guickly had mucous sunscreen that differed significantly from that of fishes from clearer waters. The 2 species showed different manners of acclimatizing to UV radiation: H. bivittatus from clearer waters shifted the spectral guality of its mucus toward absorbance of shorter, more damaging wavelengths, whereas S. iseri from clearer waters increased the overall UV absorbance of its mucus, with minimal spectral shifting.
INTRODUCTION
Ultraviolet radiation (UV, 280 to 400 nm) is damaging to fishes (Siebeck et al. 1994 , Lesser et al. 2001 , Zagarese & Williamson 2001 . Shallow-dwelling marine fishes possess UV-absorbing compounds in their mucus, presumably to protect them from harmful UV (Zamzow & Losey 2002 , Zamzow 2003 , 2004 . These UV-absorbing compounds, called mycosporine-like amino acids (MAAs), cannot be synthesized by animals and are obtained by fish through their diet (Mason et al. 1998 , Shick & Dunlap 2002 , Zamzow 2004 . Fish that are deprived of UVabsorbing compounds in the diet suffer higher rates of skin damage when exposed to solar UV (Zamzow 2004) . UV-absorbing compounds have been found in the mucus of herbivorous, omnivorous, and carnivorous fishes (Zamzow & Losey 2002) , suggesting that these compounds are accumulated up the food chain.
The concentrations of UV-absorbing compounds found in the mucus of marine fishes vary according to environmental factors. UV absorbance of the mucus of a Hawaiian wrasse decreased with increasing depth of seawater (Zamzow & Losey 2002) , and the mucus of high-latitude tidepool sculpins absorbed less UV than that of conspecifics nearer the eguator (Zamzow 2003) . In laboratory experiments, the mucus of fish that were exposed to full solar UV radiation absorbed far more UV than that of freshly caught individuals, or that of experimental individuals exposed to photosynthetically active radiation (PAR, 400 to 700 nm) alone (Zamzow 2004) .
In tropical seas, the transmission of 310 nm ultraviolet light may range from 50 to 80 % rrr 1 of seawater, but in coastal areas this value may drop to 10% rrr 1 or less (Jerlov 1968) . The transmission of ultraviolet radiation through seawater is strongly influenced by absorbance owing to particles and humic substances in the water, "Email: jzamzow@gmail.comsuch as occurs near river mouths (Jerlov 1968 , Kirk 1994 . Noting this variability in the optical properties of water in the far ultraviolet, Jerlov (1968) classified water into different optical types on the basis of irradiance transmission across the ultraviolet and visible spectrum. More recently, Kirk (1994) detailed a method of calculating the vertical attenuation of ultraviolet irradiance (i d ), and presented UVB vertical attenuation data at 310 nm for a number of different natural waters. These values ranged from 0.116 rrr 1 in clear oceanic water (Sargasso Sea) to 37.3 rrr 1 in the Yellow Sea.
The striped parrotfish Scarus iseri and the slippery dick Halichoeres bivittatus are abundant in the shallow coastal waters of Bocas del Toro, Panama. S. iseriis herbivorous, consuming cyanobacteria (Calothrix and Lyngbia spp.) and red and green algal species (Randall 1967) . S. iseri individuals may show any of 3 behavioral types-territorial, stationary, or foraging-with corresponding home ranges of approximately 10, 50, and 5000 m 2 (Ogden & Buckman 1973) . While home-range size may vary, these fish rarely venture deeper than 3 m (Ogden & Buckman 1973) .
Halichoeres bivittatus is a generalist carnivore, consuming a wide variety of benthic species such as crabs, urchins, brittle stars, polychaete worms, molluscs, shrimps, chitons, stomatopods and bony fishes (Randall 1967 , Wainwright 1988 . A gradual ontogenetic dietary shift from primarily soft-bodied to primarily hard-bodied invertebrate prey occurs as fish grow from 8 toll cm standard length (Wainwright 1988 The suspended sediment load of rivers increases with their discharge rate (Newson 1994) , and the amount of suspended sediment in the ocean decreases with distance from the river mouth (Lou & Ridd 1997 , Neil et al. 2002 . I collected Panamanian fish from 3 coastal microhabitats (see Fig. 1 ) with different levels of freshwater input, and different particulate densities. I captured fish from habitats: (1) <5 km from 2 large mainland rivers (Rio Oeste and Quebrada Nigua at Punta de Gallinazo); (2) -15 km from the aforementioned rivers, and 100 m from the mouth of a small island stream (Quebrada Paloma); (3) -30 km from the rivers, with no nearby stream (Cayo Crawl). For each site, I measured irradiance, characterized the optical water type, and calculated the 310 nm attenuation coefficient. After measuring UV absorbance spectra for the mucus of fishes from each site, I tested the hypothesis that environmental turbidity and resultant UV penetration of the water column correlates with the UV absorbance of marine fish mucus.
MATERIALS AND METHODS
In November and December 2003, 40 Scarus iseri and 42 Halichoeres bivittatus were captured by snorkelers with barrier nets in the waters south of Isla Colon, Bocas del Toro, Panama. These species were chosen because of their local abundance in shallow depths. Fishes were collected from 3 sites ( Fig. 1 A sample of mucus was acquired from each individual by gently scraping the dorsal flank surface over an area of approximately 2 cm 2 with a dulled scalpel blade (Zamzow & Losey 2002 , Zamzow 2003 , 2004 , Zamzow & Siebeck 2006 . The absorbance of mucus samples was measured following Zamzow & Losey (2002) . Briefly, mucus was 'squashed' between 2 UV-transparent slides with coverslips acting as 0.25 mm spacers between the slides. UV and visible light (250 to 1100 nm) from a tungsten-deuterium source (Analytical Instruments) was passed through the sample and fed into a spectrophotometer (S-2000, Ocean Optics). Eight separate absorbance measurements were taken through each mucus sample. In order to compensate for mucus heterogeneity, measurements were consistently taken through the areas of highest UV absorbance found while scanning each sample.
Absorbance curves were plotted and a mean of the 8 curves for each fish obtained. This mean curve was used to calculate maximum X (X^^, the wavelength of the highest point of the absorbance peak), and integrated UV absorbance (the area under the mean absorbance curve from 280 to 400 nm, following Zamzow 2004) . Integrated UV absorbance has no unit of measure, it is simply the sum of the absorbance values for each wavelength from 280 to 400 nm. In other words, it is an approximation of the area under the UV absorbance curve. Integrated UV absorbance values and Xmax were analyzed via general linear model (GLM). GLMs first included an interaction term for fish length by site interactions, but because no interaction effects were found (all p > 0.1), the interaction terms were removed from the final models. was too small to appear on this map. PG: Punta de Gallinazo; CC: Cayo Crawl Ambient solar UV irradiance was measured for each of the 3 capture sites with a cosine corrector (CC-3, Ocean Optics) at the end of an optical fiber that led to the S-2000. The cosine corrector was calibrated prior to each set of measurements with an LS-l-CAL radiometric calibration standard (Ocean Optics). In the field, the cosine corrector was filled with local seawater before each set of measurements, and irradiance was measured immediately below the surface and at a depth of 1 m at each site (see Fig. 2 ). Because the measurements were taken on different days and at different times of day, the percentage of UV irradiance transmitted to depth was calculated by dividing the area under the depth curve by the area under the immediately subsurface curve.
The vertical attenuation coefficient at 310 nm, i d (310), was calculated from the irradiance data at the surface and at 1 m depth, following Eq. (1) in Kirk (1994) . The corresponding Z(10%), or the depth at which 10% of the surface UVB is present, was also determined following Kirk (1994) .
RESULTS

Irradiance
Ultraviolet irradiance decreased with increasing depth of seawater in a site-specific spectral manner (Fig. 2) . At Punta de Gallinazo, 34% of the total subsurface UV irradiance reached 1 m in depth, and the underwater irradiance spectrum at 1 m most closely resembled Jerlov Coastal Type 3. At Quebrada Paloma, 58% of the subsurface UV irradiance reached 1 m, and the spectral distribution resembled Jerlov Coastal Type 1, with slightly elevated UV transmission. Cayo Crawl had the greatest light penetration with 65% of incident subsurface irradiance reaching 1 m, and the irradiance spectrum indicated Jerlov Oceanic Type III water.
The vertical attenuation coefficients calculated for downward UVB irradiance at 310 nm i d (310) 
Mucus absorbance
The mucus of Halichoeres bivittatus and Scarus iseri contained UV-absorbing compounds (Fig. 3) . The mucus of H. bivittatus was characterized by a single absorbance peak with X, max ranging from 317 to 327 nm, and a shorter-wavelength shoulder. The mucus of S. iseri had more complex UV absorbance spectra, with 1 clear primary peak and 2 shoulders (Fig. 3) . The primary absorbance peak fell between 325 and 330 nm, and 'shoulders', or secondary peaks, were observed at approximately 295 and 360 nm. Overall, the mucus of S. iseri absorbed far more UV radiation than did the mucus of H. bivittatus.
Halichoeres bivittatus
Integrated UV absorbance of Halichoeres bivittatus mucus increased with increasing fish size ( Fig. 4a ; GLM: Pi,a, = 7.90; p < 0.01; r 2 = 0.21), but did not differ by site of capture ( Fig. 4b ; GLM: F 238 = 1.7; p = 0.1).
The wavelength of maximum absorbance of Halichoeres bivittatus mucus did not correlate with fish size ( Fig. 5a ; GLM: F 1|38 = 0.15; p = 0.7; r 2 = 0.75), but did differ by capture site (Fig. 5b) . Fish from Cayo Crawl had a shorter wavelength X max than those from Quebrada Paloma, which in turn had a shorter wavelength X^ax than fish from Punta de Gallinazo (GLM: F 2i38 = 57.8; p < 0.0001; Tukey's post-hoc).
Scarus iseri
Integrated UV absorbance of Scarus iseri mucus was related to fish size, and also differed among sites of capture (Fig. 6) . Mucus absorbance increased with increasing fish size (GLM: F t 36 = 7.19; p = 0.01; r 2 = 0.66). Fish from Cayo Crawl had higher integrated UV absorbance than those from Quebrada Paloma, which in turn had higher integrated UV absorbance than fish The wavelength of maximum absorbance of Scarus iseri mucus did not correlate with fish size ( Fig. 7a ; GLM: F lr36 = 3.52; p = 0.07; r 2 = 0.26), but did differ among sites (Fig. 7b) . Fish from Cayo Crawl had a shorter X max than those from Punta de Gallinazo, but no other differences among sites were detected (GLM: ^2,36 = 3.61; p < 0.05; Tukey's post-hoc).
DISCUSSION
Irradiance
Riverine influence on turbidity and dissolved organic carbon levels, and subsequent attenuation of UV radiation by seawater, decreases with distance from the river mouth (Kirk 1994 , Lou & Ridd 1997 , Ftejerslev & Aarup 2002 , Neil et al. 2002 . The irradiance measurements taken in the present study certainly reflected this trend. The 3 sites surveyed showed a gradient of water column UVB attenuation: i d (310) (Hojerslev & Aarup 2002) . The geographic scale of riverine influence on seawater transparency may vary greatly. In an extreme example, the Orinoco River in flood affects the transparency of the eastern Caribbean hundreds of kilometers from the river mouth (Blough et al. 1993) . In con- (Neil et al. 2002) . Clearly, precipitation and other factors affect the precise optical qualities of seawater on a daily or hourly basis, but the trend of increasing seawater clarity relative to distance from large sources of riverine input should remain stable. Owing to the relatively site-attached behavioral habits of the fish species used in this study (see 'Introduction'), it is reasonably certain that the fishes captured spent the majority of their time in habitats reflective of the irradiance measurements taken in this study.
Mucus absorbance
The spectral shape and overall absorbance of the mucus of Scarus iseri and Halichoeres bivittatus fall within the range of values previously found for fishes from Hawaii and the Great Barrier Reef (Zamzow & Losey 2002 , Zamzow 2004 , Zamzow & Siebeck 2006 . The compounds responsible for the absorbance peaks at wavelengths longer than 300 nm are likely to be MA As. These sunscreen compounds are nearly ubiquitous in marine organisms (Cockell & Knowland 1999 , Shick & Dunlap 2002 , and have been found in fish mucus (Zamzow 2004 ). The -295 nm secondary peak present in S. iseri mucus spectra may result from deoxygadusol (A^^ = 294 nm), a compound biochemically similar to MAAs that has been isolated from fish eggs (Plack et al. 1981) .
The mucus of Scarus iseri absorbed far more UV than that of Halichoeres bivittatus. Because MAAs are acquired by fishes from their diet (Mason et al. 1998 , Zamzow 2004 , this may be a consequence of dietary availability. MAAs are synthesized by algae and cyanobacteria, the primary food sources of S. iseri (Randall 1967) . In contrast, H. bivittatus must acquire its MAAs from the wide variety of benthic inverte-brates (crabs, urchins, brittle stars, polychaete worms, molluscs, shrimps, chitons, stomatopods) that it consumes (Randall 1967 , Wainwright 1988 . Because animals are incapable of synthesizing MAAs , these prey items must in turn acquire MAAs from algae or cyanobacteria, as was previously observed (Carroll & Shick 1996 , Newman et al. 2000 , Whitehead et al. 2001 ). There may be some loss in efficiency of UV-compound sequestration between trophic levels that led to the very different UV absorbance levels recorded for each species in this study. Further research into the efficiency of trophic transfer of MAAs up the food chain would be valuable.
Halichoeres bivittatus
cate more asterina-330 and less paly thine, perhaps achieved via differential sequestration of these compounds from the diet. The shorter the wavelength of light, the more energy the photons possess, and the more damaging the radiation is to biological systems (Setlow 1974 . Thus, simply shifting the A^ai of the mucus toward the shorter end of the UV spectrum should afford greater functional biological protection to H. bivittatus, even in the absence of any overall increase in integrated UV absorbance. An alternate explanation that must be considered is that H. bivittatus captured at Cayo Crawl may have a diet that differs from those from Punta de Gallinazo. A difference in dietary availability of MAAs could result in wavelength shifting without differential sequestration, as was suggested for captive damselfish in Australia (Zamzow & Siebeck 2006 ).
The integrated absorbance of Halichoeres bivittatus mucus was correlated with fish size (Fig. 4) . This positive correlation between UV absorbance of the mucus and fish size has been shown previously for wrasse (Zamzow 2004 ) and damselfish (Zamzow & Siebeck 2006 ). H. bivittatus shows an ontogenetic dietary shift from soft-bodied invertebrate prey to hard-bodied invertebrate prey at a size of approximately 8 to 11 cm (Wainwright 1988 ). While UV absorbance of H. bivittatus mucus increased with size, no obvious demarcation or change in the rate of increase that would correlate with this dietary shift was observed (Fig. 4) . Furthermore, A^ai does not correlate with size in H. bivittatus (Fig. 5) . Hence, it seems unlikely that ontogenetic increases in mucus UV absorbance are a simple consequence of dietary availability in H. bivittatus.
Only wavelength of maximum absorbance of Halichoeres bivittatus mucus showed a significant difference among capture sites. The X^^ exhibited strong differences among sites, with the shortest-wavelength UV absorbance peaks at Cayo Crawl, the offshore site where short wavelength UV penetrated best (Figs. 2 & 5) . The X^m, as well as the plasticity in terms of wavelength shifting among sites, suggests that this single absorbance peak represents a mixture of 2 UVabsorbing compounds, as was previously hypothesized for a Great Barrier Reef damselfish (Zamzow & Siebeck 2006) . Palythine (Xmai = 320 nm) and asterina-330 (Xmax = 330 nm) were found previously in fish mucus (Zamzow 2004) , and are 2 of only 4 MAAs found in a broad survey of the eyes of coral reef fishes (Dunlap et al. 1989) . These may be the compounds responsible for the UV absorbance of H bivittatus mucus. If this is true, then the A^^ of mucus from Cayo Crawl would indicate more palythine and less asterina-330, whereas the Am** of mucus from Punta de Gallinazo would indi-
Scarus iseri
The integrated UV absorbance of Scarus iseri mucus also showed a positive correlation with fish size (Fig. 6) . Moreover, for this species, the site of capture was strongly correlated with the integrated UV absorbance of the mucus. Fish from the turbid, inshore site (Punta de Gallinazo) had less sunscreen in the mucus than did conspecifics captured at Quebrada Paloma, which in turn had markedly less sunscreen than fish from the clearer, offshore site (Cayo Crawl). This pattern indicates acclimatization to the local environmental UV irradiance conditions at depths of 1 m or greater. While there was a statistically significant difference in the wavelength of maximum absorbance of S. iseri mucus between Punta de Gallinazo and Cayo Crawl, the difference between the least-squares means was only 1.1 nm. Such a small wavelength shift is of doubtful significance in terms of protection of biological systems. There was no relationship between fish size and wavelength of maximum absorbance.
One may ask, why don't Scarus iseri from every site have similarly high levels of sunscreen? Zamzow (2004) showed in laboratory studies that, when protected from UV radiation, Hawaiian wrasse would lose sunscreen from their mucus despite being provided a dietary source of MAAs. In the same experiment, fish that were exposed to solar UV and provided identical dietary MAAs significantly increased the UV absorbance of their mucus. From these observations, and the fact that MAAs must constantly be sequestered in the mucus as it sloughs into the water column, Zamzow (2004) hypothesized that there may be a cost to the sequestration of sunscreening compounds in the mucus. The data indicated that experi-mental fish did not sequester compounds from the diet unless it was necessitated by environmental conditions, presumably to combat UV-induced damage. The present S. iseri data are consistent with the hypothesis that fish from turbid, inshore waters sequestered significantly less UV-absorbing compounds into their mucus than did fish from the clearer, offshore sites.
An alternate explanation for the differences observed in integrated absorbance of Scarus iseri mucus from the 3 sites might be that the differences are a simple reflection of differences in the concentrations of MAAs in the diet. I consider this to be unlikely for 2 reasons: (1) algae, the diet of S. iseri, nearly always have very high levels of MAAs (Karsten et al. 1998a ,b, Jeffrey et al. 1999 ; and (2) pilot studies have shown fish to be extremely efficient at extracting MAAs from diets with very low MAA concentrations (J. Zamzow unpubl. data). Nonetheless, determining whether dietary concentrations of MAAs affect resultant sunscreen levels in the mucus should be addressed in future experiments.
CONCLUSIONS
The UV attenuation of inshore waters in the Bahia Almirante area varies greatly. Two species of fish that live in all turbidity zones appear to have adapted to the environmental conditions by utilizing 2 different strategies. Halichoeres bivittatus adapts to increased short-wavelength irradiance by shifting the absorbance of its mucus toward shorter wavelengths, whereas Scarus iseri responds to the same irradiance increase by increasing the overall absorbance of its mucus, but not by markedly shifting the wavelength of maximal absorbance.
